A new high photoluminescent metal-organic complex is proposed as an optical marker for the indentification of gunshot residues (GSR) produced from firearms. The marker containing Eu 3+ ion was synthesized producing the [Eu(PIC) 3 (NMK) 3 ] complex, where PIC is picric acid and NMK is n-methyl caprolactam. It was chemically characterized using emission spectroscopy, Fourier transform infrared spectroscopy, thermogravimetric and differential thermal analyses, and electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FT-ICR MS) and then added to conventional ammunition as function of its concentration (from 2 to 50 mg by ammunition). Marked conventional GSR was visually and chemically detected by UV irradiation (λ = 395 nm) and ESI-FT-ICR MS. The tests indicated that marked GSR is easily visible in proportions above of 25 mg on the target, bullets and firearms regions and on the arm of shooter. It was also detected at lower concentrations using ESI-FT-ICR MS. A final cost of the process is evaluated be lower than US$ 1.50/by ammunition, where 1 g of marker suffices to tag approximately 40 .40 bullets.
Introduction
Violence directly affects civil society. Firearms are used in 71% of all homicides in Brazil, corresponding to approximately 35,000 homicides per year. Therefore, the development of new analytical methods in forensics ballistic is important. Ballistics represents a sub-area of criminalistics that includes the study of firearms and ammunition, in which the main goal is to relate the suspect to the murder weapon, most often through the ammunition [1] [2] [3] . Firearm ammunition consists of the projectile, case, propellant and primer mixture, the last of which contains lead styphnate (C 6 HN 3 O 8 Pb), barium nitrate, antimony trioxide, antimony tetroxide and aluminum. Generally, the primer mixture is compressed by the firing pin, where the C 6 HN 3 O 8 Pb and antimony tetroxide crystals are broken, initiating the combustion [1] . As a consequence of combustion, residues are formed that contain oxides of carbon (CO and CO 2 ), water and metal oxides (lead, barium and antimony oxides) [1, 2] . During firing, a considerable amount of material in the gaseous or solid aerosol phase is produced and expelled along with the projectile. Part of the gaseous material solidifies, producing gunshot residues (GSR). GSR is composed of the elements Pb, Ba and Sb [4] , which can be found primarily deposited on the shooter's hands, face and clothes; on people close to the firearm discharge; and even on the victim [2, 5] .
In Brazil, the colorimetric test utilizing the reagent sodium rhodizonate (Feigl-Suter Reaction) has been routinely used; however, this test only detects Pb [6] . Despite its lower cost, one of the major problems with this test is contamination with other materials, which leads to false positive results [7] . On the other hand, several studies have reported applying analytical techniques for identifying GSR [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Among them, the scanning electron microscopy/energy X-ray spectroscopy technique (SEM/EXS) [19] [20] [21] [22] has been used and supported by a large number of experts because it allows to correlate the morphology and chemical composition of individual particles composed of Pb, Ba and Sb [8, 23, 24] . However, in July 1998, the Brazilian Cartridge Company (CBC) started the production and marketing of clean range ammunition [1] . This ammunition contains a primer free of heavy metals, containing only Ti, Cu and Zn, and the projectiles are completely covered, thereby preventing any contamination with Pb. The aim of this ammunition is to reduce the impact on human health caused by leadrich airborne pollution. Investigations with shooting instructors have Microchemical Journal 116 (2014) [216] [217] [218] [219] [220] [221] [222] [223] [224] revealed the incidence of high levels of lead in blood, near to the limit of 60 mg lead/100 g of whole blood established by the National Institute for Occupational Safety and Health [25] . The use of the clean range ammunition has made the SEM/EXS technique ineffective, because this ammunition when fired produces no spherical particles containing Pb/Ba/Sb [26] . Furthermore, SEM/EXS requires a considerable amount of analyst time and expensive maintenance, and therefore, its implementation as a routine technique in forensic laboratories has come into question.
The above-described scenario justifies the need for the development of a low-cost, fast and powerful method for identifying GSR. In this perspective, Weber et al. [27] pioneered the inclusion of high photoluminescent markers in ammunition to allow the visual detection of GSR. Metal-organic frameworks (MOFs), also known as coordination polymers, are promising for development of the markers due to high thermal and chemical stability. where PIC is picric acid and NMK is n-methyl caprolactam. The marker was characterized using Fourier transform infrared spectroscopy (FTIR), thermogravimetry and differential thermal analysis (TG/DTA), and electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FT-ICR MS) and then added to conventional ammunition. GSR was visually and chemically detected by UV irradiation (λ = 395 nm) and ESI-FT-ICR MS.
Experimental

Materials and methods
Acetonitrile (ACN), ethanol, hydrochloric acid (HCl), ethylenediaminetetraacetic acid (EDTA), and urea (analytical grade with purity higher than 99.5%) was supplied by Vetec Química Fina Ltda, Brazil. Ammonium hydroxide (NH 4 OH), sodium trifluoroacetate (NaTFA), arginine, and formic acid (HCOOH) were purchased from Sigma-Aldrich Chemicals, USA and used for ESI(±)-FT-ICR MS measurements. Europium oxide, PIC and NMK (Sigma-Aldrich Chemicals, USA) and ultrapure water (18.2 MΩ cm, prepared by a reverse osmosis system, Purelab Mk2 Ultra, UK) were used for preparation of europium complexes. All reagents were used without purification. ) and HCl was slowly added until its complete dissolution. The solution was then heated at 100°C and urea was added, reaching a final pH of 7. A white precipitate was produced and the system remained under continuous stirring for a period of 2 h. The precipitate was filtrated, washed several times with water distilled, and dried at ambient temperature. The basic europium carbonate was obtained with a yielding of 90% (step I). After, PIC was added during 30 min in a suspension of europium carbonate (0.1 mmol mL was removed in a rotary evaporator and the solution remained at ambient temperature during a period of 24 h to form after crystallization and vacuum filtration, a yellow precipitate. This solid was washed with cold water to form the complex Eu(Pic) 3 .H 2 O on a yield of 88% (step II).
Finally, step III, the europium picrate complex was solubilized in ethanol (0.2 mmol mL
) and reacted dropwise with NMK 3 mmol. A yellow precipitate was immediately formed, being isolated by filtration and purified with cold water and ethyl ether. A yield of 85% was now reached and its fluorescence was evidenced (from emission of a yellow and red color at 254 and 369 nm, respectively, step III).
Characterization 2.3.1. Emission spectrum
The emission spectrum of the [Eu(PIC) 3 (NMK) 3 ] compound was obtained in the range of 500-750 nm in a room temperature of 77 K with excitation at 430 nm in a spectrofluorometer Jobin-Yvon model Fluorolog FL3-22 equipped with a continuous Xenon lamp of 450 W used as the excitation source.
FTIR
An ABB BOMEN IR (FTLA2000-102 model) coupled with a MIRacle attenuated total reflectance accessory, ATR, was used for the FTIR studies. Europium complexes were inserted under a single reflection crystal plate and a total of 16 scans were taken and the ATR-FTIR spectra were recorded from 4000 to 630 cm −1 with a resolution of 4 cm
. The background was performed under air, being again acquired before each sample was analyzed. The ATR-FTIR spectra were acquired using the GRAMS/AI software (Thermo Galactic).
TGA/DTA
Thermogravimetry and differential thermal (TG/DTA) analyses were performed in a TA Instrument SDT Q600, operating from 25 to 1000°C, with a heating rate of 10°C min −1 under a synthetic air atmosphere and a flux air of 50 mL min − 1 . A mass of 2-10 mg was used for all experiments.
ESI(±)-FT-ICR MS
Briefly, europium complexes were prepared in an acetonitrile/water solution (1:1 v/v %) which contained 0.1% m/v of NH 4 OH for ESI in negative mode, ESI(−) and 1% m/v of formic acid for ESI in positive mode, ESI(+). The solution was directly infused at a flow rate of 5 μL min capillary temperature of 250°C. The ions are accumulated in the hexapolar collision cell with a time of 0.01-0.02 s followed by transport to the analyzer cell (ICR) through the multipole ion guide system (another hexapole). The time-of-flight in the hexapole was 0.7 ms. FT-ICR mass spectra were acquired by accumulating 64 scans of time-domain transient signals in 4 mega-point time-domain data sets. All mass spectra were externally calibrated using NaTFA (m/z from 200 to 2000). A resolving power, m/Δm 50% ≅ 480 000, in which Δm 50% is the full peak width at half-maximum peak height, of m/z ≅ 400 and a mass accuracy of b1 ppm provided the unambiguous molecular formula assignments for singly charged molecular ions. Mass accuracy is determined from mass error defined as error = (m/z measured − m/z theoretical ) / m/z theoretical ) × 10 6 ). The mass spectra were acquired and processed using Data Analysis software (Bruker Daltonics, Bremen, Germany). The MS data were processed, and the elemental compositions of the compounds were determined by measuring the m/z values [29, 30] .
ESI(±)FT-ICR MS/MS
Tandem mass spectrometry (MS ; ii) a capillary voltage of 3.5-4.1 kV; iii) a nebulizing temperature of 250°C; iv) argon as collision gas; v) an ion accumulation time of 1 s; vi) an isolation window of 1.0 (m/z units); vii) and 25-45% of the collision energy. The spectra were acquired by accumulating 32 scans of time-domain transient and processed using the Data Analysis software (Bruker Daltonics, Bremen, Germany).
Preparation of marked conventional ammunition, visual detection and collection of GSR
In order to assess the ideal amount of marker used in firearm ammunitions, five concentrations were tested: 2, 5, 10, 25 and 50 mg. Conventional .38 SPL CBC bullets were disassembled and the [Eu(PIC) 3 (NMK) 3 ] marker was added to conventional gunpowder and the bullets were now reassembled. For safety reasons, homogenization procedure was not performed. The firearms used were .38 caliber Taurus® revolvers, cleaned before each shooting test. A specific revolver was used for each experiment. Black cloth was used on the target and ground surfaces with the aim of to improve the visual detection and eliminate accumulative contamination of marked GSR. The scheme of preparation of marked ammunitions is shown in Fig. 2a . The bullets were then fired at distance of 50 cm from the target to indoor shooting range (Fig. 2b) . After all the marked GSR was analyzed by visual observation under UV irradiation (λ = 395 nm)
and ESI(±)-FT-ICR MS (Fig. 2c ). Experiments were performed in the shooting room of Ballistics section of the Civil Police of the Espírito Santo state, Brazil, and the images were recorded using a professional camera Nikon model D 3000 VR. For ESI(+)-FT-ICR MS analyses, the GSR was collected using a swab moistened with a solution of 2% EDTA (w/v) and then stored in 15 mL polypropylene tubes (Fig. 2c) . Next, 10 mL of water was added for each tube and was then submitted to an ultrasonic bath for 20 min at 25 kHz and heated in a water bath for 1 h at 100°C. Then, 10 μL of extract containing marked GSR was diluted in an ACN/water mixture (1:1 v/v %), producing a final volume of 1 mL. Fig. 3a-b displays the visual effect of Eu(PIC) 3 (NMK) 3 marker with (3a) no UV light irradiation and (3b) under UV irradiation (λ = 395 nm). The marker shows an intense red-orange emission. Yellow and red-orange emissions are also observed under UV irradiation at 254 and 365 nm, respectively, whereas no emission is observed for the started material, [Eu(PIC) 3 .xH 2 O] complex (see in supplementary material, Fig. 1Sa-f) .
Results and discussion
The emission spectrum of Eu(PIC) 3 . The broad and strong absorption band between 3700 and 2800 is assigned to water and hydroxyl ion vibration modes [31] [32] [33] . For the Eu(PIC) 3 .xH 2 O complex (Fig. 4b) ) [34] . Finally, the presence of the ligand NMK in europium picrate is confirmed from aliphatic C-H stretching of CH 3 group at 2900 cm −1 and for regions between 1650 and 1500 cm −1 assignment to CN deformation [35] .
The TGA and DTG curves of the compounds were recorded in the temperature interval from 25 to 1000°C (Fig. 2Sa-b) (supplementary  material) . For the hydrated europium carbonate (Fig. 2Sa) (30-200°C) , there is loss of water, which corresponds to the formation of anhydrous carbonate. The decomposition of the europium carbonate starts at about 400°C, forming Eu 2 O 3 .CO 2 at 550°C. The last decomposes to an intermediate stage at about 570°C and Eu 2 O 3 is formed around of 850°C [33] .
For the Eu(PIC) 3 .xH 2 O, two events of weight loss are recorded (Fig. 2Sb) . Similar to Fig. 2Sa , the first starts from 30 to 200°C "(≅ 10 wt.%) corresponding to water molecules (Fig. 2Sb) . Nakagawa et al. [36] showed similar results in preparation of some Lanthanoid picrates, where a weight loss of 10 wt.% was also observed when the compound is air-dried. The second event at 313°C is due to picrate decomposition. The TGA/DTG curves of Eu(PIC) 3 (NMK) 3 complex are also shown in Fig. 2Sc where four events of weight loss are observed. The first (168°C) and the second (308°C) steps correspond to loss of NMK ligands (≅37 wt.%).
FT-ICR MS routinely provides ultra-high mass resolving power, m/Δm 50% N 500 000, and a mass accuracy better than 1 ppm. These high specifications mean that FT-ICR is ideal for analyzing complex Fig. 9 . Images of the marker detection at 2, 5, 10, 25 and 50 mg on the barrel and chamber regions.
mixtures [29, 30] . Moreover, it becomes possible to assign molecular formulas (C c ). The picrate anion is also detected in its free form, an ion of m/z 227.9899.
The Eu(PIC) 3 (NMK) 3 marker was also characterized from ESI(+)-FT-ICR MS (Fig. 5b) Fig. 6a-b) . This match corroborates the proposed structure shown in the inset of Fig. 5b .
To confirm the structures and the connectivity of the europium complexes, the ESI(+)-MS/MS spectra were acquired for the [ 3 marker under UV light irradiation on the target surface, ground, bullet deflagrated, and the shooter. Positive results are obtained for all concentrations of marker used (2-50 mg) in regions of the target surface and bullet deflagrated whereas on the ground, its necessary concentrations are ≥ 10 mg. On the other hand, the detection of marker on the shooter and of the firearms (Fig. 9) is only evidenced at concentrations of 25 and 50 mg. In all cases, the decreasing of the amount of the marker affects the visual detection ability in marked conventional GSR. Also, the optical properties of material developed were monitored as function of time, remaining unaltered after four months that the bullet was fired (see Fig. 3S ).
The marked conventional GSR can also be identified by ultra-high resolution mass spectrometry, ESI(−)-FT-ICR MS (Fig. 10a-c 
Conclusion
The new high photoluminescent metal-organic complex synthesized was a powerful optical marker for the indentification of GSR produced from firearms. The optical marker is a europium complex, [Eu(PIC) 3 (NMK) 3 ], formed from Eu 3+ ion coordinated by three picric acid (PIC) and three n-methyl caprolactam (NMK) molecules. Its chemical structure and connectivity were confirmed from fluorescence ATR-FTIR, TGA/DTA and ESI-FT-ICR analyses.
The tests indicated that marked GSR was easily visible in proportions above 25 mg on the surface of target, bullet, firearm, hands and arm of shooter. The marker was highly photoluminescent, and their optical properties remained unaltered after four months that the bullet was fired. In general, a final cost of the process is evaluated be lower than US$ 1.50/by ammunition, where 1 g of marker suffices to tag approximately 40 .40 bullets.
